Evidence for cooperation between actin nucleators is growing. The WH2-containing nucleator Spire and the formin Cappuccino interact directly, and both are essential for assembly of an actin mesh during Drosophila oogenesis. Their interaction requires the kinase noncatalytic C-lobe domain (KIND) domain of Spire and the C-terminal tail of the formin. Here we describe the crystal structure of the KIND domain of human Spir1 alone and in complex with the tail of Fmn2, a mammalian ortholog of Cappuccino. The KIND domain is structurally similar to the C-lobe of protein kinases. The Fmn2 tail is coordinated in an acidic cleft at the base of the domain that appears to have evolved via deletion of a helix from the canonical kinase fold. Our functional analysis of Cappuccino reveals an unexpected requirement for its tail in actin assembly. In addition, we find that the KIND/tail interaction blocks nucleation by Cappuccino and promotes its displacement from filament barbed ends providing insight into possible modes of cooperation between Spire and Cappuccino.
M
any processes in the eukaryotic cell depend upon the timely generation and disassembly of actin filaments. The ratelimiting step of filament formation is the creation of a stable actin nucleus. At least three different classes of proteins have evolved to accelerate this step: formins, the Arp2/3 complex, and WiscottAldrich homology 2 (WH2)-domain nucleators (1) . How actin nucleators from different classes cooperate to build particular actin structures is an area of intense interest and investigation. For example, the direct biochemical and genetic links between WH2-based Spir (2, 3) and the formin Cappuccino (4) suggest close mechanistic collaboration between these proteins in actin assembly (5) (6) (7) .
Spire (spir) and cappuccino (capu) were first identified in screens for genes affecting embryonic pattern formation in Drosophila melanogaster (Dm) (7) . They synergize to build a cytoplasmic actin mesh, and mutation of either of these genes results in loss of this structure, premature microtubule-dependent cytoplasmic streaming, and gross defects in embryonic morphology (8, 9) . Mice lacking formin-2 (Fmn2; a mammalian Capu ortholog) exhibit egg failure and female hypofertility (10) due to loss of an actin-based structure during meiosis (11, 12) , supporting the functional conservation of these proteins in higher eukaryotes.
Formins possess an actin-nucleating formin homology 2 (FH2) domain and an adjacent proline-rich FH1 domain (Fig. 1A) . The FH2 domain remains bound to the barbed end of the actin filament as additional subunits are added, protecting growing ends from the activity of capping proteins, which would otherwise terminate elongation (13) . Fmn-family formins, including Capu and orthologs Fmn1 and Fmn2 (5, 14, 15) , lack obvious regulatory domains found in diaphanous-related formins (DRFs), which include a GTPase-binding domain, diaphanous inhibitory domain, and C-terminal diaphanous autoregulatory domain (DAD) (16, 17) . Fmn-family formins do have short (approximately 25 aa) sequences C-terminal to the FH2 domain that do not resemble the DAD motif but are highly conserved, suggesting their functional importance (18) .
In addition to a central cluster of four WH2 domains, Spir contains an N-terminal kinase noncatalytic C-lobe domain (KIND) (19) , a modified Fab1/YOTB/Vac1/EEA1 (mFYVE) zinc-binding domain, and a C-terminal DEJL motif (Fig. 1A) (2, 20) . Several spir gene family members have been identified in other organisms (3, 21) , including paralogs Spir1 and Spir2 in higher eukaryotes. The clusters of four WH2 domains of Dm-Spir and human Spir1 nucleate actin in vitro (5, 15, 22) .
Based on sequence homology, the KIND domain was hypothesized to adopt a structure similar to the C-lobe of protein kinases (19) . It is predicted to lack kinase activity, as it is missing several key residues required for kinase activity as well as the entire N-lobe of the kinase fold. Instead, it is thought to function as a protein-protein interaction domain (5, 19) . The KIND domain is detected in proteins of various functions, including the protein tyrosine phosphatase-L1 and the Ras guanine nucleotide exchange factor very-KIND (19, 23, 24) . To date, there are no threedimensional structural data available for any KIND domain. The Spir KIND domain mediates specific, high-affinity interactions with C-terminal constructs of Capu (5, 18) . Recently, mammalian Spir1 and Spir2 KIND domains were reported to bind directly to the C-terminal tail, distal to the FH2 domains, of Fmn1 and Fmn2 (18) . The KIND domain inhibits actin polymerization by Capu (and Fmn2), but it remains to be determined whether the nucleation and/or elongation steps of actin assembly are affected when the KIND domain binds to the tail of Capu (5) .
To better understand the physical association and functional cooperation between Spir and Capu, we determined the 2.2-Å crystal structure of the human Spir1 KIND domain bound to the Fmn2 tail (identical in several species including humans). We determined that the interaction observed in this structure is critical for the regulation of actin dynamics by Spir and Capu and for their colocalization in cells. We found that Capu cannot nucleate or protect the barbed ends of actin filaments in the presence of the KIND domain but that Capu, Spir, and actin monomers form a stable complex.
Results
Dual Functions of the Capu C-Terminal Tail. We discovered that a short polypeptide segment at the extreme C-terminus of Capu (residues 1023-1059) was necessary and sufficient for binding to the Dm-Spir KIND domain (see Fig. S1 for diagrams of constructs and Fig. S2 A-C for binding data). Similar results were reported for human Spir1 and Spir2 KIND domains, which bind to the C-terminal Formin-Spir interaction (FSI) domains of Fmn1 and Fmn2 (18) . Using competition fluorescence anisotropy, we measured an equilibrium dissociation constant (K d ¼ 290 nM) for Dm-Spir-KIND and Capu-tail (residues 1029-1059; Table S1 ), which is similar to that reported for binding of human Spir1 KIND to a Fmn2 FSI peptide (K d ¼ 260 nM; see SI Discussion) (18) .
We next tested the role of the KIND/tail interaction in Capumediated actin assembly. The KIND domains of Dm-Spir and human Spir1 inhibit Capu and Fmn2 stimulated actin polymerization in vitro, respectively (5) . We asked whether the KIND/ tail interaction was required for this inhibition using a peptide competition assay (25) . Indeed, the Capu-tail peptide competed the inhibitory effect of Dm-Spir-KIND on Capu-CT (Fig. 1B) . A half-maximal response was observed at approximately 1 μM of the peptide, close to the concentration of Spir-KIND present (800 nM), suggesting that the Capu-tail and Capu-CT bind Dm-Spir-KIND with similar affinities (see SI Discussion).
We also tested whether Dm-Spir-KIND could inhibit the actin assembly activity of a Capu construct lacking the tail domain. To our surprise, we discovered that Capu FH1FH2 constructs in which the tail was truncated were defective in actin assembly (Fig. 1C) . In particular, Capu-1031 (residues 467-1031; Fig. S2 D and E) showed little activity above actin alone in pyrene-actin assembly assays. A construct with about half of the tail (Capu-1047) retained some actin assembly activity but much less than Capu-CT. These C-terminal truncations are unlikely to affect the structural integrity of the FH2 domain, as they are outside the predicted structural core of the domain, and both constructs elute in analytical gel filtration at the volume expected for properly folded dimers (Fig. S2F ). Both truncation constructs exhibit longer lag times, suggesting that nucleation rates are decreased. The residual activity of both Capu-1047 and Capu-1031 was not affected by addition of Dm-Spir-KIND, confirming that tail binding is necessary for inhibition of Capu by Spir-KIND (Fig. 1C) . We conclude that the C-terminal tail of Capu has at least two functions: It is required for efficient actin assembly and for binding to Spir. Because of its multiple roles, we use "tail" to refer to the C-terminal sequence instead of the more specific "FSI domain."
Structure of the Spir1/Fmn2 Complex. To better understand the interaction between Spir and Capu, we undertook structural studies of the KIND domain in complex with formin C-terminal fragments. We failed to obtain suitable crystals with Drosophila proteins or with any formin construct that included the FH2 domain, but were able to crystallize and determine the structure of the human Spir1 KIND domain in complex with the Fmn2 tail ( Table S2 ). As expected, the architecture of the KIND domain resembles the C-terminal lobe of protein kinases (19) . For ease of comparison, we label secondary structure elements of the KIND domain to correspond to those of the PAK1 protein kinase (see below). The KIND fold consists of six α-helices (αD, E, F, H, I, and J) and four β-strands (β6-β9) arranged to form a compact, globular domain (Fig. 1D ). The structure spans residues 37-231 of Spir1, but no interpretable electron density is observed for the loop connecting strand β8 and helix αF (residues 104-118) or for the loop between helices αH and αI (residues 166-191). The Fmn2 tail docks in a wide groove on the base of the KIND domain with two primary sites of interaction (Fig. 1E) . Residues 1704-1722 of the Fmn2 tail are visible in the structure; residues 1706-1708 form a short β-strand that interacts with β9 of the KIND domain, whereas residues 1714-1722 form an amphipathic α-helix that packs with helices αF and αH of the KIND domain. In total, Fmn2 binding buries 848 Å 2 of solvent-accessible surface on Spir1. The crystal structure reveals a 1∶1 stoichiometry of binding between the KIND domain and the Fmn2 tail, and thus suggests that two molecules of Spir-KIND could bind to the formin dimer. This is indeed the case; our structural and functional analysis shows that two molecules of Spir-KIND bind to dimeric formin constructs in solution ( Fig. S2 G and H and SI Discussion).
We also determined the structure of the Spir1 KIND domain alone (Table S2) . Comparison of the apo-KIND structure with the KIND/tail complex reveals no dramatic structural differences; the structures superimpose with an rmsd of 0.45 Å over 153 α-carbon atoms (Fig. S4A) . We do note that strand β9 and adjacent loops are poorly ordered in the apo-KIND structure. This segment interacts extensively with the Fmn2 peptide, apparently leading to its stabilization.
Evolution of a Binding Domain from the Protein Kinase Fold. A search of the Protein Data Bank (PDB) for structural relatives of the KIND domain using the Dali structural similarity server (27) revealed similarity with the C-lobe of several hundred protein kinase structures with rmsd values in the range of 2.4-3.6 Å and sequence identity for equivalent residues from 9-22%. We compare the KIND domain with the kinase PAK1 as a representative example (Fig. 2) (19) . The KIND domain superimposes with an rmsd of 2.9 Å over 134 atoms in the C-lobe of PAK1, and the superimposed residues are 19% identical (Fig. S5A) . In PAK1 and other kinases, the N-and C-lobes are independent structural domains connected by a "hinge" segment. There is no equivalent of the N-lobe in the KIND domain; instead, the N-terminus of the KIND domain maps to the hinge region of the kinase fold.
How might the binding function of the KIND domain have arisen from the protein kinase fold? The superposition with PAK1 reveals that there is no equivalent of helix αG in the KIND domain fold (Fig. 2 B and C and Fig. S5A ). This secondary structure element lies at the base of the kinase C-lobe, and is conserved in the protein kinase fold. Helix αG and the loops that connect it with adjacent helices αF and αH are replaced instead by a short polypeptide segment containing strand β9, which is not present in PAK1. Interestingly, the hydrophobic "scar" left by deletion of these elements is the binding site for the Fmn2 tail. Strand β9 interacts directly with the tail peptide and the amphipathic helix in the tail peptide packs with its hydrophobic face against helices αF and αH (Fig. 2C) . Thus the binding function of the KIND domain appears to have evolved by deletion of a conserved element of secondary structure. Table S1 for K d values. Interactions in the Spir1-Fmn2 Interface. N-terminal to the mFmn2-tail β-strand, the side chain of Y1704 stacks with the guanidinium group of R147 in the KIND domain, and just C-terminal to it, residues 1709-1713 form an irregular but well-ordered loop that leads to the α-helical segment (Fig. 1E) . Isoleucine residues 1714 and 1718 in the tail α-helix pack with KIND domain residues including Y134 (Fig. S4D) to form a hydrophobic core in the interface. Lysine residues extend from both sides of the tail α-helix to contact acidic residues on the KIND domain; these Spir1/Fmn2 salt-bridges include K1715 with D138, K1717 with D158, and K1721 with E127 (Fig. 1E) . Mutation of D138 in the KIND domain to asparagine or alanine abrogates binding to both Fmn1 and Fmn2 tail peptides in GST-pulldown experiments (Fig. 3A) . Similarly, mutation of residue K1715 in Fmn2 to either glutamic acid or alanine abrogates pulldown of the KIND domain (Fig. 3B) . Mutation of tail residues K1717 or K1721 also impairs binding of the KIND domain but to a lesser extent (Fig. 3B) . Additional polar interactions with the KIND domain include dual hydrogen bonds between E146 in the KIND domain and the backbone amides of H1710 and K1715 in Fmn2. Mutation of E146 in the KIND domain to either alanine or lysine also disrupts binding to both Fmn1 and Fmn2 tail peptides in vitro (Fig. 3A) .
Structure-Function Analysis of Spir-Capu Interactions. Guided by the crystal structure and mutagenesis of the human Spir1/Fmn2 complex, we engineered mutations in Dm-Spir and Capu designed to disrupt their interaction. In fluorescence anisotropy assays, tail peptides with mutations in well-conserved basic residues K1049, R1051, and R1055 (corresponding to K1715, K1717, and K1721 in Fmn2) and in hydrophobic residues L1048 and M1052 (I1714 and I1718 in Fmn2) were unable to compete with WT Capu-tail for binding to Dm-Spir-KIND (Fig. 3C and Fig. S3A) . Consistent with the anisotropy data, these mutations in the context of Capu-CT rendered the formin insensitive to inhibition by the KIND domain in pyrene-actin assembly assays (Fig. 3D and  Fig. S3B ). In contrast, an L1053A mutant (S1719 in Fmn2) retained activity comparable to WT in both assays. This residue is not conserved and is expected to be relatively solvent exposed in the complex based on its counterpart at the same position in Fmn2 (S1719; Figs. S4D and S5B). We also tested mutations in Dm-Spir KIND (Table S1 and Fig. 3E and Fig. S3C ). Mutations at residues E229, D236, E244, and E252 (I131, D138, E146, and E154 in Spir1) decreased the binding affinity between 4-and 15-fold (Fig. 3E, Fig. S3C , and Table S1 ). Whereas single mutations at acidic residues did not eliminate KIND/tail binding, mutation of Dm-Spir Y232 to lysine abolished detectable binding in both the anisotropy assay (Fig. 3E ) and the Capu inhibition assay (Fig. S3D) . This residue corresponds to Y134 in human Spir1, which is buried in the KIND/Fmn2-tail interface, and is conserved as tyrosine or phenylalanine among KIND domains (Fig. S5A) .
To assess importance of the KIND/tail binding interaction on full-length proteins in a cellular environment, we developed a colocalization assay in Drosophila S2 cells. Myristoylated Dm-SpirD fused to mCherry (myr-mCherry-SpirD) was membrane-localized in S2 cells (Fig. 4A) . In the absence of Spir, Capu fused to green fluorescent protein (GFP-CapuA) was found in isolated puncta (Fig. 4A ). Upon coexpression with myr-mCherry-SpirD, GFPCapuA was predominantly membrane-localized (Fig. 4B) . This colocalization was abolished by the K1049E mutation in the Capu tail (K1715 in Fmn2) and by the Y232K mutation in the Dm-Spir KIND domain (Fig. 4 C and D) . Analysis of additional mutants is presented in Fig. S6 . These defects in binding and colocalization are not simply due to gross misfolding of the KIND domain, as confirmed by circular dichroism (Fig. S7A) .
Spir-KIND Promotes Dissociation of Capu From the Filament Barbed
End. In bulk polymerization assays, the Spir KIND domain inhibits Capu-mediated polymerization (5). Nucleation is inhibited, as demonstrated by increased lag times; however, it is not clear whether Spir-KIND affects elongation rates of Capu or even whether Capu is able to bind the barbed end of growing filaments when bound to Spir-KIND. To test the effect of Spir-KIND on Capu-bound barbed ends, we measured elongation by monitoring pyrene-actin polymerization from preformed seeds in the presence of 0.5 μM monomeric actin, which is below the critical concentration of the pointed end (28) . We found that Capu alone does not cause a decrease in the elongation rate in the absence of profilin, an unusual property among formins (Fig. 5A (+Capu-CT) , Fig. S7F , and SI Discussion) (29, 30) . Like other formins (13, 31, 32) , Capu protects the growing barbed end from capping protein [ Fig. 5A (+Capu-CT+CP) ]. To determine if Capu can processively associate with the barbed end in the presence of DmSpir-KIND, we added Capu-CT, Dm-Spir-KIND, and capping protein to the elongation assay. The presence of Dm-Spir-KIND dramatically reduces the ability of Capu-CT to protect the barbed end from capping protein, whether Capu-CTand Dm-Spir-KIND were mixed before addition to actin or Dm-Spir-KIND was added after elongation assays were initiated (Fig. 5A (+Capu-CT +KIND+CP) and Fig. S7E ). The Dm-Spir-KIND "YDE" mutant (Y232K/D236A/E244A) has a reduced ability to inhibit Capu protection of the barbed end, confirming that the effect of Spir-KIND requires its interaction with the Capu-tail [ Fig. 5A  (+Capu-CT+YDE+CP) ].
The inability of the Spir/Capu complex to protect filament barbed ends from capping protein indicates that binding of the KIND domain to Capu diminishes its affinity for the barbed end. To further explore this topic, we tested the effect of Capu versus the Dm-Spir-KIND/Capu complex on reannealing of sheared actin filaments (Fig. 5B) . As expected based on structural data (33) and demonstrated for other formins (34), addition of Capu-CT alone markedly decreased filament annealing (average length ¼ 1.6 μm, compared with 4.5 μm in the absence of Capu). Addition of the KIND domain diminished this effect, but did not completely reverse it (average length ¼ 2.4 μm when added simultaneously, or 2.8 μm when added sequentially; see SI Discussion). Taken together, our data indicate that Spir-KIND binding promotes dissociation of Capu from the barbed end of actin filaments, and that mutations that block the KIND/tail interaction diminish this effect. We therefore conclude that Spir-KIND inhibition of Capu-CT-mediated polymerization is solely the result of the KIND domain blocking nucleation.
A Stable Spir-Capu-Actin Complex. To gain further insight into the Spir/Capu complex and its interaction with actin, we asked whether the three proteins form a stable complex under nonpolymerizing conditions. First, we examined pairwise combinations of these proteins by gel filtration and found that Spir-NT and Capu-CT coelute as expected (Fig. 5C and Fig. S7C ). Capu-CT does not coelute with actin in these conditions. Spir-NT does coelute with actin in a single peak, as reported for human Spir1 (22) . However, an actin peak was also detected despite the fact that actin was subsaturating. The presence of unbound actin suggests that Dm-Spir-NT does not bind actin monomers with the high degree of cooperativity observed for human Spir1 (22) . When Spir, Capu, and actin were gel filtered, all three components eluted in a single peak, indicating that they form a stable complex (Fig. 5C ). Actin does not elute with a Dm-Spir-KIND/Capu-CT complex; actin does elute with Spir-NT/Capu-CT (I706A) [a mutation that blocks nucleation (5, 35)] (Fig. S7B) . Together these data show that Spir-WH2 domains are necessary and sufficient to stabilize actin in the complex.
Discussion
The work presented here defines the structural relationship between the KIND domain and the C-lobe of protein kinases. Whereas the C-lobe of protein kinases is a frequent site of interaction with substrates, inhibitors, and other binding partners, (36) the formin/KIND interaction appears to be structurally unique. Indeed, the Spir KIND domain binds the Fmn2 tail in a cleft at the base of the domain that is created by deletion of a helix from the kinase fold (helix αG). The absence of this helix in KIND domains was not previously appreciated due to inaccuracies in primary sequence alignments between kinases and KIND domains (19) . The resulting cleft is well-conserved in the KIND domain of Spir family members, indicating that the observed binding interaction is conserved as well. However, the variability in amino acid residues predicted to line the cleft in other KIND domains outside the Spir family makes it difficult to predict whether its binding function is general among all KIND domains.
Our structure-function data indicate that the contacts observed in the crystal structure are essential to the interaction between these two proteins in solution and in cells. Unexpectedly, we find that the C-terminal tail of Capu is required for efficient actin assembly. The mechanistic basis for this effect remains to be elucidated, but one possibility is enhancement of nucleation via participation in binding of actin monomers, as has recently been described for the DAD domain of mDia1 and other DRFs (37) . The Capu tail does not contain a DAD, but it is notable that it is enriched in basic residues, similar to the nucleation-crticial region of mDia1 DAD (37) . Although our gel filtration data indicate that Capu does not bind monomers at physiological salt concentrations in vitro, our preliminary data do show weak binding of the Capu tail to actin at lower salt concentrations. Even weak association between the Capu tail and actin could affect nucleation. Our finding that the Capu/Spir complex binds actin monomers in a stable complex may provide insight into the nucleus formed by the collaboration. Further study of this ternary complex will be required to determine how the actin associates with Spir and Capu and whether this complex contains a nascent filament.
Our functional studies indicate that binding of Spir to the Capu tail promotes dissociation of the formin from the actin filament barbed end. Biochemically, this effect is similar to that reported for the action of Bud14 on the yeast formin Bnr1 (38) . However, these apparently inhibitory biochemical activities of Spir on the formin are at odds with the genetic data, which indicate that both Spir and Capu play a positive role in assembling the actin meshwork during oogenesis. This apparent paradox is resolved if Spir and Capu dissociate in the process of filament assembly, perhaps in a "handoff" of a Spir-nucleated filament to the formin, which would protect the elongating barbed end via its processive capping activity (39) . Further efforts are required to determine if and how the Spir/Capu interaction is broken. 
Methods
Protein Constructs, Purification, and Assays. Proteins were bacterially expressed and purified by standard protocols as described in SI Methods. Constructs are depicted in Fig. S1 . Procedures for mutagenesis, GST pulldown assays, filament annealing, analytical gel filtration, S2 cell culture, and imaging are described in SI Methods.
Crystallization and Structure Determination. Crystals of the human Spir1 KIND domain (residues 20-237) in complex with the Fmn2 tail (residues 1700-1722) were obtained at 4°C in 0.1 M MES (pH 6.0), 5 mM Tris(2-carboxyethyl)phosphine (TCEP), 200 mM NaCl and 28% (vol∕vol) PEG 400. The structure was determined from a tetragonal crystal form (space group P4 3 2 1 2) by multiple isomorphous replacement using mercury and platinum heavy-atom derivatives. This structure was refined to an R cryst of 0.194 (R free ¼ 0.228) with data extending to 2.2 Å resolution. Apo-Spir1 KIND domain was crystallized in 0.1 M Na-Hepes (pH 7.5), 5 mM TCEP, 150 mM NaCl, and 20% PEG 3350. The unliganded crystals belonged to space group P2 1 and contained four molecules in the asymmetric unit. The apo-structure was refined to an R cryst of 26.1% (R free ¼ 31.5%) at 3.2 Å resolution. See SI Methods and Table S2 for further details.
Fluorescence Anisotropy and Actin Assembly Experiments. Anisotropy of Caputail-AlexaFluor488 was measured by fluorometry (PTI, Inc.). All assays were carried out at 25°C in 10 mM Na-Hepes pH 7.0, 1 mM EGTA, 1 mM TCEP, 150 mM KCl, 1 mM MgCl 2 , and 1 mg∕mL BSA. The fluorophore was excited by plane-polarized light at 488 nm and emission was measured at 520 nm at angles parallel and perpendicular to the angle of incidence. Data were fit as described previously (5) .
Pyrene actin assembly assays were carried out essentially as described (40) . Briefly, 4 μM Acanthamoeba castellani actin (5% pyrene labeled) was incubated for 2 min at 25°C with 200 μM EGTA and 50 μM MgCl 2 to convert Ca-actin to Mg-actin. Polymerization was initiated by adding polymerization buffer (final concentration: 10 mM Na-Hepes pH 7.0, 1 mM EGTA, 50 mM KCl, 1 mM MgCl 2 ) to the Mg-G-actin. Additional components, such as Capu-CT, Capu-tail and KIND were combined in the polymerization buffer before addition to Mg-G-actin. See SI Methods for a description of elongation assays.
